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Introduction
[2] The rate of photosynthetic production of organic carbon is the foundation of ocean's food web and biological carbon pump. Yet for many regions of the ocean the spatial and temporal variability of primary production (PP) rates is poorly known because there have been only sporadic snapshot measurements of PP. Although satellite-based estimates of PP potentially yield wide spatial and weekly temporal resolution, there is a factor of two range in PP estimates for algorithms using satellite data that underscores the need for validation with observations [Campbell et al., 2002] .
[3] The introduction of non-incubation based PP methods, for example based on fluorometry [Kolber et al., 1998 ] and oxygen isotopes [Luz and Barkan, 2000] , provide the opportunity to substantially improve our understanding on PP variability in the ocean. Over the last few years the oxygen isotope based method that estimates gross photosynthetic oxygen production (referred to here as 17 D-GOP) has been applied in several regions of the ocean, i.e., subtropical N. Atlantic and N. Pacific, Southern Ocean, equatorial Pacific and coastal ocean. Key advantages of the 17 D-GOP method are its integration time (weeks) and independence from bottle incubations, which not only avoids the methodological issues inherent with an incubation PP method [e.g., Peterson, 1980; Marra, 2009] , but potentially yields a GOP estimate wherever a surface seawater sample can be collected and the air-sea O 2 gas exchange rate can be estimated. Thus the 17 D-GOP method potentially can yield much greater spatial and temporal coverage of PP in the ocean. For example, the 17 D-GOP method applied to surface water samples collected while underway using a container ship provided multiple basin-wide snapshots of PP rates across the subtropical and equatorial Pacific that would have been impossible to accomplish with the traditional 14 C incubation PP method ( 14 C-PP).
[4] From the perspective of the ocean's carbon cycle, the most important biological production rate is net community production (NCP), which equals the difference between gross PP and community respiration (R). NCP, at steady state, represents the organic carbon (OC) in both dissolved and particulate phases that is available for export or harvest. NCP has been estimated by several methods (e.g., budgets for dissolved oxygen, dissolved inorganic carbon (DIC), nutrients and Thorium-234, sediment traps, O 2 and 15 NO 3 incubations, etc.). However, each approach has substantial uncertainty and potential biases. Only at a few sites have multiple NCP methods been compared systematically (e.g., JGOFS study sites, BATS and HOT time series sites). Thus, for most of the ocean the spatial and temporal variability of NCP is poorly constrained. The lack of NCP estimates and biases between methods may be responsible for reports of net ecosystem heterotrophy in the oligotrophic ocean surface layer based on bottle O 2 incubations [e.g., Williams et al., 2004] that contradict reports of net ecosystem autotrophy based on mixed layer O 2 and Ar budgets at the same location [e.g., Emerson et al., 1997; Quay et al., 2010] .
[5] Here we present the results of nine snapshots of gross oxygen production rates across the subpolar N. Atlantic Ocean based on the 17 D-GOP method using water samples collected during container ship crossings between Liverpool, GB and Halifax, Canada in 2007-2008 . Additionally 
Background
[6] Two aspects of the ocean's carbon cycle that stand out in the subpolar N. Atlantic (45 -65 N) are the occurrence of the spring bloom [e.g., Sverdrup, 1953; Siegel et al., 2002] and the high burden of anthropogenic CO 2 that has accumulated in the region at $3Â the global average [Sabine et al., 2004] . Draw down of CO 2 by phytoplankton productivity, coupled with seasonal cooling of surface waters, are the major factors yielding high rates of atmospheric CO 2 uptake in the N. Atlantic [e.g., Takahashi et al., 2009] . Both these processes will likely be affected by global warming, as demonstrated by the study of Cermeno et al. [2008] who established a possible link between global warming, stratification, ecosystem structure, biological productivity and CO 2 uptake. Thus, future rates of PP and atmospheric CO 2 uptake in the subpolar N. Atlantic are likely to change.
[7] The link between physical forcing and biological response in the subpolar N. Atlantic is a source of interannual variability. Henson et al. [2009] used output from an ocean ecosystem model in a GCM to demonstrate that variations in atmospheric forcing (wind, surface heat and freshwater fluxes) affected the timing of the spring bloom via changes in mixed layer depth (MLD). They found that periods of positive N. Atlantic Oscillation index correlated with deep MLDs that delayed onset of the spring bloom. There is strong seasonality in the region. At a site in the northeast subpolar N. Atlantic (49 N 17 W) with two years of continuous mooring-based measurements, Körtzinger et al. [2008] found that between winter and summer mixed layer depths shoaled from 500 m to 20 m, nitrate decreased from $8 to 0 mmol kg À1 , chlorophyll increased from $0.2 to 2 ug L À1 and pCO 2 decreased from $360 to 300 matm in the surface layer. These strong seasonal variations indicate that the occasional snapshot of PP in the N. Atlantic will be insufficient to determine the annual mean rate.
[8] Estimating the rates of PP and NCP during the spring bloom in the subpolar N. Atlantic (47 N 20 W) was a major focus of the N. Atlantic Bloom Experiment (NABE) study in May 1989 (see Tables 1 and 2) . Martin et al. [1993] O bottle incubation methods, where the latter technique measures the gross oxygen production rate [Bender et al., 1987] . Bender et al. [1992] [Bender et al., 1999; Marra, 2002; Quay et al., 2010] .
[ À1 . 14 C-PP correlated strongly with irradiance which accounted for $70% of monthly variability in 14 C-PP (r 2 = 0.67, P < 0.001) but insignificantly with chlorophyll (r 2 = 0.02, P = 0.7). Such an extensive 14 C-PP data set is rare and thus the MARMAP data set has been used extensively to calibrate the satellite PP algorithms (e.g., the VGPM by Behrenfeld and Falkowski [1997] ). However, it is not clear how well the annual cycle in 14 C-PP measured during MARMAP in a coastal region represents PP in the open subpolar N Atlantic.
[11] Rates of NCP in the subpolar N. Atlantic were estimated by several methods during NABE (Table 2) . Buesseler et al. [1992] ) yields an estimate of the potential export efficiency or e-ratio (NCP/ 14 C-PP) that ranged from 0.4 and 1.0. The ratio of new to net PP (i.e., f-ratio) was estimated at 0.3 in winter, spring and summer during POMME by [Fernandez et al., 2005] and at 0.68 AE 0.11 during JGOFS by Bury et al. [2001] based on 15 NO 3 and 13 CO 2 uptake rates. Although these studies significantly improved our understanding of PP and OC export during the spring bloom in the subpolar N. Atlantic, the annual cycle was still poorly understood.
[12] A clearer picture of the annual cycle in NCP was obtained by Körtzinger et al. [2008] , who used a two year record (2003) (2004) (2005) of mooring-based measurements of pCO 2 and nitrate at a study site (PAP at 49 N 17 W) close to the NABE site to quantify the impact of NCP on the air-sea Reuer et al. [2007] . m Munro et al. (submitted 2012) . CO 2 flux. There was a clear spring and summer drawdown of CO 2 and nitrate while the mixed layer shoaled from winter time depths of $500 m to $30 m during summer. Körtzinger et al. estimated an NCP of $70 mmol C m À2 d À1 during the spring bloom interval (Mar-May), which compared well with estimates during NABE, and 25 mmol C m À2 d À1 during the subsequent stratified period (May-Sep) based on DIC drawdown. However, despite the high NCP rates from the mixed layer during spring and summer in the subpolar N. Atlantic the impact on annual OC export is substantially reduced. Kört-zinger et al.'s two yearlong pCO 2 record indicates that 40% of the OC exported below the summertime mixed layer is respired and released as CO 2 to the atmosphere during the following fall and winter when the mixed layer deepens.
[13] In summary, the subpolar N. Atlantic is a region of high biological productivity, atmospheric CO 2 uptake, interannual variability, seasonality and climate sensitivity. Our knowledge of spatial and temporal variations in biological productivity needs improvement to better understand the response of the CO 2 cycle in the region to climate change and provide data for validating carbon cycle models and satellite-based productivity estimates.
Methods

Oxygen Isotope Based GOP
[14] The oxygen isotope method to estimate gross photosynthetic oxygen production rate (GOP) has been thoroughly described previously [e.g., Luz and Barkan, 2000; Hendricks et al., 2004] . The basis of the method relies on the observation that atmospheric O 2 has an anomalously low 17 [Luz and Barkan, 2000] .
[15] The oxygen isotope anomaly ( 17 D) is defined as ) and estimating the air-sea O 2 gas transfer rate (k g , m d À1 ). GOP can be approximated by the following expression [Luz and Barkan, 2000] :
Recently, the procedure to calculate GOP from 17 D has been revised to improve its accuracy [Kaiser, 2011; Nicholson, 2011; Prokopenko et al., 2011; Luz and Barkan, 2011] We use this revised procedure as described by Luz and Barkan [2011] to calculate GOP. We find that the basin-wide mean GOP differs by À10% to +16% on individual cruises (3% on average) from the previous method (equation (2)).
[17] The 17 D-GOP estimate relies on simple mixed-layer O 2 mass and isotope budgets that assumes steady state and neglects transport via physical processes like mixing, entrainment and advection. However, under certain conditions, e.g., where upwelling is strong or during a period of mixed layer deepening, the 17 D diss of the mixed layer can be elevated significantly by physical processes (rather than in situ photosynthesis) and result in an overestimate of GOP [e.g., Quay et al., 2010] , as discussed below.
[18] Previously, estimates of 14 C-PP have been derived from 17 D-GOP using the ratio of 18 O-GOP to 14 C-PP measured during simultaneous bottle incubations [Hendricks et al., 2005; Reuer et al., 2007; Luz and Barkan, 2009; Quay et al., 2010] 
) of 2.7 AE 0.2 was observed during the three separate JGOFS process studies in subpolar N. Atlantic, equatorial Pacific and Arabian sea [Marra, 2002] , where 14 C-PP represents 24 h incubations. In the present study an equivalent daily (24 h) 14 C-PP rate ( 14 C-PP eqv ) equals 17 D-GOP/2.7.
O 2 /Ar Based NCP and NCP/GOP
[19] The net imbalance between gross PP and community respiration can be estimated from a mixed layer budget for dissolved oxygen. In its simplest form, the budget assumes that the net rate of O 2 gas evasion to the atmosphere is balanced by net biological O 2 production (i.e., GOP -R). Emerson et al. [1997] utilized the similar temperature dependence of gas solubility in seawater for Argon (Ar) and O 2 to determine the biological component of the O 2 gas flux. In this way, the O 2 /Ar saturation state (i.e., (O 2 /Ar) sat which equals the O 2 /Ar measured divided by the O 2 /Ar expected in equilibrium with air) yielded the portion of the net sea to air O 2 flux that was balanced by O 2 production from NCP. Thus NCP in the mixed layer is determined from measuring the ratio of dissolved O 2 and Ar gases, calculating (O 2 /Ar) sat and estimating k g, as follows:
NCP (mmol C m À2 d À1 ) has been estimated based on O 2 /Ar measurements in several ocean regions (Table 2 ) and averaged 8 AE 4 at HOT [Emerson et al., 1997; Hamme and Emerson, 2006; Quay et al., 2010] , 6-11 at BATS [Luz and Barkan, 2009 ], 7 AE 6 in the equatorial Pacific [Hendricks et al., 2005; Stanley et al., 2010] , 16-36 for the Southern Ocean [Reuer et al., 2007] and 30 AE 10 off the coast of southern California (D. R. Munro et al., Biological production rates off the Southern California coast estimated from triple O 2 isotopes and O 2 :Ar gas ratios, submitted to Limnology and Oceanography, 2012). Typically, net biological oxygen production is divided by 1.4 to convert to net organic carbon production assuming the net production is supported by nitrate. The rates of NCP and OC export are assumed equivalent implying steady state.
[20] The NCP/GOP in the mixed layer can be estimated by simultaneous 17 D and O 2 /Ar measurements (combining equations (2) and (3)) and can be approximated by the following relationship:
In practice, the more accurate revised GOP method, discussed above, is used to estimate NCP/GOP. Because NCP/ GOP is independent of k g, the calculated NCP/GOP usually is less uncertain than either GOP or NCP (except when (O 2 / Ar) sat approaches 1 [Reuer et al., 2007] , and 0.14 AE 0.09 off the coast of southern California (Munro et al., submitted) . To convert these e-ratio estimates from oxygen (NCP/GOP) to a carbon equivalent (NCP/ 14 C-PP), the NCP/GOP is multiplied by $2Â, i.e., (NCP/1.4)/( 17 D-GOP/2.7).
Sample Collection and Analysis
[21] Samples were collected from the seawater intake (4-8 m depending on ship draft) during eastbound transits of the container ship M/V Atlantic Companion from Halifax, Nova Scotia to Liverpool, GB between March 2007 and June 2008 (Figure 1) . Typically, 15-20 samples were collected over a 5 day interval on each cruise in the region bounded by 45 -55 N and 10 to 60 W as part of the CARBOOCEAN program as described by Steinhoff et al. [2010] . Sea surface temperature (SST) and salinity were measured at time of sample collection. Samples for 17 D-O 2 and O 2 /Ar measurements were also collected during a research cruise off Iceland ($61 N 26 W) during May 2008 using Niskin bottles (n = 32).
[22] Gas samples were prepared for mass spectrometric analysis by cryogenic removal of H 2 O and CO 2 and chromatographic separation of N 2 from the gas mixture [Barkan and Luz, 2003] [Stendardo et al., 2009] . A similar situation, but to a lesser degree, has been encountered previously for seawater samples collected underway on volunteer observing ships 
Calculation of Air-Sea O 2 Gas Transfer Rate
[25] Remotely sensed wind speeds were used for determination the air-sea O 2 gas transfer rate (k g ) using daily QuikSCAT winds (at 0.25 Â 0.25 fields referenced to 10 m height, October 2006 reprocessing, available from the NASA Jet Propulsion Lab Physical Oceanography Distributed Active Archive Center at http://podaac.jpl.nasa.gov/). The accuracy of QuikSCAT wind speeds has been tested by comparison to buoy data [Liu, 2002; Wentz et al., 2001 ] and found to be within AE1 m s
À1
. Values of k g calculated using QuikSCAT winds were compared to those calculated using NCEP reanalysis winds during selected Atlantic Companion cruises and found to agree to better than AE0.2 m d À1 , which is well within the uncertainty of k g , discussed below, and does not significantly increase the uncertainty in calculated GOP or NCP.
[26] Values for k g were determined using the Nightingale et al. [2000] wind speed parameterization. A weighted time-averaged k g at each sampling location was determined following a procedure similar to that used by Reuer et al. [2007] .
Estimates of Mixed Layer Depth, Chlorophyll and PAR
[27] Mixed layer depths along the cruise track were determined from ARGO float data using the criteria of a temperature decrease of 0.2 C and potential density increase of 0.03 kg m À3 from the surface [Körtzinger et al., 2008] . At locations along the cruise track where ARGO float data were not available, MLD estimates were obtained from FNMOC as compiled by the Ocean Productivity group at Oregon State University (http://www.science.oregonstate.edu/ocean. productivity/). Chlorophyll concentrations and PAR were based on satellite derived estimates from SeaWIFS (cruises AC25-38, 49) and MODIS (Cruises AC45, 51) using the output from the Ocean Productivity group.
Error Analysis and Biases
[28] The uncertainty in the GOP, NCP and NCP/GOP estimated from 17 D and O 2 /Ar measurements was determined using a Monte Carlo approach following Quay et al. [2010] . The following errors (AE1 standard deviation or SD) in the terms were used: AE25% for k g , representing the k g range between Liss and Merlivat [1986] D-GOP rates can be overestimated due to the entrainment of subsurface water with high 17 D levels into the mixed layer as observed at station ALOHA . The magnitude of the entrainment bias in GOP depends on the magnitude by which the subsurface 17 D exceeds the mixed layer 17 D in the fall. During the present study, the mean mixed layer 17 D ranged from 20 to [41] There are few 14 C-PP data sets with sufficient temporal coverage to determine the annual cycle in PP in the subpolar North Atlantic and with which to compare the current 14 C-PP eqv estimates. By far the most detailed 14 C-PP data set in the region is from MARMAP where $700 14 C-PP depth profiles were measured in Georges Bank and the Gulf of Maine. Although the MARMAP study site is coastal and not directly comparable to the open subpolar N. Atlantic, the annual cycle in 14 C-PP from MARMAP provides one benchmark with which to evaluate the observed seasonality in the 14 C-PP eqv rates measured during the nine Atlantic Companion cruises (Figure 6 ). During MARMAP, the mean 14 C-PP rate in summer (Jun-Aug) was $3.3Â the rate in winter (Dec-Feb) ( Table 1) . The 14 C-PP eqv rates were $20% lower than 14 C-PP measured during MARMAP with less seasonality (summer/winter = 2.5). There was a clear 14 C-PP peak in March during MARMAP that is not observed in 14 C-PP eqv ( Figure 6 ). However, these differences may in part result from the limited number of Atlantic Companion cruises especially in winter and regional differences between the two data sets. Potentially, an important issue is how much the productivity in the subpolar N. Atlantic drops off after the spring bloom ends. The MAR-MAP 14 C-PP data indicate high bloom-type PP rates extend through the end of summer (Figure 6) . Similarly, an ecosystem model by Moore et al. [2001] predicts high PP rates ($900 mg C m À2 d À1 ) at the NABE site continues until September. The 14 C-PP eqv estimates suggest that high PP continues throughout the summer (Figure 7 ), but better temporal resolution is needed to fully address this issue.
Results
Longitudinal Trends in
NCP and NCP/GOP
Comparison With Satellite PP Estimates
[42] The 14 C-PP eqv estimates were compared to PP estimated from two satellite algorithms (VGPM and CbPM) as described by Behrenfeld and Falkowski [1997] and Westberry et al. [2008] , respectively. The satellite PP estimate represents a 30-day mean value for a $1 Â 1 grid around each sampling location along the cruise track. Notably, the time integration scales of the 14 C-PP eqv and satellite PP estimates are similar ($weeks) during summer, which is a significant improvement over the time scale mismatch between satellite and 14 C incubation-based estimates of PP. The mean basin-wide 14 C-PP eqv for each cruise is compared to the mean PP rates along the entire cruise track estimated by VGPM and CbPM, rather than comparing individual estimates of 14 C-PP eqv because of the large uncertainty in individual 17 D-GOP estimates, as discussed above. All three PP estimates showed a clear seasonality (Figure 7) . The closer agreement between 14 C-PP eqv and VGPM-PP may in part be their common dependence on 14 C-PP data. Furthermore, the VGPM PP algorithm relies heavily on the MARMAP 14 C-PP data set to calibrate the light dependence of PP [Behrenfeld and Falkowski, 1997] , whereas CbPM-PP is independent of 14 C-PP [Westberry et al., 2008] . The observation that CbPM-PP ranges from 63% (winter) to 75% (summer) of VGPM along the Atlantic Companion cruise track agrees with the results of Westberry et al. [2008] , who found that globally CbPM-PP was 67% of VGPM-PP at high latitudes.
[43] Previously, 14 C-PP eqv estimates derived from 17 D-GOP rates in the subtropical and equatorial Pacific Ocean Southern Ocean were found to be 1.5-2Â VGPM-PP and CbPM-PP estimates . Similarly, Reuer et al. [2007] found that 1989-90 and 2001 ) and mean monthly rates measured during MARMAP (1978) (1979) (1980) (1981) (1982) in Gulf of Maine and Georges Bank (diamonds). Error bars represent AE SEM at 95% confidence level. , squares) estimated from 17 D-GOP for each cruise compared to the concurrent primary production rates estimated using satellite algorithms VGPM (triangles) [Behrenfeld and Falkowski, 1997] and CbPM (circles) [Westberry et al., 2008] . The error bars represent AE SEM at 95% confidence level.
present study is consistent with these previous studies, whereas the good agreement between 14 C-PP eqv and VGPM-PP is surprising, but possibly due to VGPM's dependence on MARMAP 14 C-PP data for calibration. One can expect substantial regional variability in comparisons between 14 C-PP eqv and satellite PP as a result of the factor of two uncertainty in the satellite-based PP estimates [Campbell et al., 2002] and the significant uncertainty ($45%) in 17 D-GOP rates and the GOP/ 14 C-PP scaling factor. Körtzinger et al. [2008] based on continuous mooring measurements of pCO 2 in the surface mixed layer and a DIC budget (Table 2) .
[ [47] The daily rate of NCP (OC export) in the subpolar N. Atlantic integrated over the annual cycle will be significantly lower than the daily rate measured during spring bloom conditions for two reasons. First, PP is higher during the summer by $2-3Â compared to winter (Figure 6 ). Second, the effective OC export rate depends on the depth of the winter mixed layer because respiration below the photic layer reduces OC export. Using continuous nitrate and pCO 2 measurements at a mooring site near NABE in the subpolar N. Atlantic, Körtzinger et al. [2008] estimated that 40% of the OC exported from the photic layer during the stratified summer season was respired to CO 2 within the depth of the winter mixed layer ($240 m) and potentially released back to the atmosphere during winter. Körtzinger et al. estimated an annual OC export rate of 3.6 AE 2.8 mol C m À2 yr À1 (10 AE 8 mmol C m À2 d À1 ) that on a daily basis was $7Â less than the export rate from the mixed layer during bloom conditions and similar to the estimated annual OC export rate of 3-4 mol C m À2 yr À1 at BATS [Gruber et al., 2002; Jenkins and Doney, 2003] . Thus over an annual cycle, the OC export rate depends significantly on both biological and physical characteristics of the region. In regions like the subpolar N. Atlantic, where there are large seasonal changes in biological productivity and mixed layer depth, sufficient measurements of OC export over the year are needed to yield accurate annual rates of OC export.
[48] The annual rate of OC export rate on a basin-wide scale in the subpolar N. Atlantic can be estimated from surface layer O 2 data compiled during the CARINA program across the subpolar N. Atlantic (40 N-65 N, 10 W-60 W) from $90 cruises between 1991 and 2005 that yielded a total of $5000 surface O 2 measurements [Stendardo et al., 2009] . Monthly average surface O 2 saturation levels were calculated and showed a clear annual cycle from 98% in winter to 107% in summer (Figure 8 ). Between March and September, the surface layer is supersaturated in O 2 and between October and February the surface layer is undersaturated. In comparison, the O 2 and O 2 /Ar saturation levels measured during the May 2008 Knorr cruise were 106.7 AE 0.9% and 106.3 AE 1.0%, respectively, which agreed well with the climatology represented by the CARINA data set where the mean O 2 saturation was 106.7 AE 0.3% in May.
[49] An estimate of the annual NCP rate for the subpolar N. Atlantic based on the CARINA O 2 data set was obtained by assuming that the 15 year data set represents average conditions with no long-term surface O 2 time rate of change and negligible net horizontal or vertical transport of O 2 out of the region. Under these conditions the annual average NCP equals the net annual air-sea O 2 flux. Average monthly wind speeds for the region during the measurement period (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) were determined from the NCEP climatology and monthly mean k g values estimated from Nightingale et al. [2000] , as discussed above. An annual mean NCP rate of 11 AE 10 mmol O 2 m À2 d À1 was determined by summing the monthly air-sea O 2 flux which in turn was calculated from the monthly O 2 saturation state and k g estimates. The uncertainty represents the combined errors in k g (AE25%) and the spatial and temporal variability of the monthly O 2 saturation level.
[50] A comparison of annual and spring/summer integrated NCP rates (130 and 232 mmol O 2 m À2 , respectively) estimated from the monthly CARINA O 2 data indicates that $45% of the organic material exported from the mixed layer during spring/summer (Mar-Sep) is respired to CO 2 within the depth of the winter mixed layer during the year. This result is similar to the observations of Körtzinger et al. [2008] at the PAP site, who found that $40% of summer NCP was consumed by respiration within the winter MLD and produced CO 2 that ultimately was released back to the atmosphere.
[51] The estimated annual NCP rate based on basin-wide CARINA O 2 data at 2.8 AE 2.7 mol C m À2 yr À1 (8 AE 7 mmol C m À2 d À1 ) is similar to the annual rate of 3.6 AE 2.8 mol C m À2 yr À1 estimated by Körtzinger et al. [2008] at the PAP site and, furthermore, to the NCP rate of 3-4 mol C m À2 yr À1 estimated at BATS in the subtropical N. Atlantic. The latter comparison underscores the importance of winter MLD on the effective OC export.
Efficiency of Biological Pump
[52] The ratio of NCP/GOP (i.e., e-ratio) provides one measure of the efficiency of the biological pump, i.e., the portion of photosynthetic O 2 production that is not consumed by community respiration and, in organic carbon equivalents, is available for export or transfer up the food chain. An estimate of NCP/GOP resulted from combined O 2 / Ar and 17 D measurements (equation (4) Previously, e-ratio estimates ranged from 0.5 to 1.0 during NABE and JGOFS under spring bloom conditions and $0.3 at other times of the year during POMME in the subpolar N. Atlantic (Table 3) . The NCP/GPP of 0.35 AE 0.07 estimated in May 2008 is 2-6Â the NCP/GPP range of 0.06 to 0.19 (mean 0.13 AE 0.05) estimated from previous O 2 / Ar and 17 D measurement programs in the subtropical, equatorial, coastal and southern ocean (Table 3) . At face value these results imply that during the spring bloom in the subpolar N. Atlantic, the fraction of PP exported (or harvested) as OC is at least twice as great as in most other oceanic regions.
[54] Based on observations during NABE, a high e-ratio in this region during bloom conditions may be a result of rapid biological fixation of CO 2 by diatoms (which comprised up to 90% of phytoplankton carbon during early stages of bloom) coupled with low mesozooplankton grazing rates (<5% of PP), as discussed by Lochte et al. [1993] . However, the depth of winter mixed layer is an important factor affecting the efficiency of organic carbon export integrated over the annual cycle as pointed out by Oschlies and Kahler [2004] and Körtzinger et al. [2008] and discussed above. The deeper the winter mixed layer, the less organic carbon escapes respiration and is sequestered from air-sea CO 2 exchange. To illustrate this effect, we divided the annual average NCP of 11 AE 10 mmol O 2 m À2 d À1 estimated from the CARINA O 2 data and by the annual average GOP of 167 AE 45 mmol O 2 m À2 d À1 estimated from the 17 D measurements during the nine container ship cruises to yield a NCP/GOP of 0.07 AE 0.06. This NCP/GOP estimate is 5Â lower than the estimate of 0.35 AE 0.05 during bloom conditions in May 2008 and at the low end of the 0.06 to 0.19 range observed at other ocean sites (Table 3) . Thus, despite the high efficiency of OC export during the spring bloom much of this efficiency is offset by respiration of organic matter in the depth region between the photic layer and winter MLD.
Summary and Conclusions
[55] The utility of combining the 17 D measurements with a container ship sampling platform to determine basinwide primary productivity rates in the subpolar N. Atlantic over an annual cycle was demonstrated. Rates of GOP and NCP and the export efficiency (NCP/GOP) in spring bloom conditions were estimated based on 17 D and O 2 /Ar measurements during a cruise near Iceland in May 2008. Annual NCP rates for this region were estimated from 15 year compilation of surface O 2 measurements during the CARINA program.
[56] Specifically, we found the following: 14 C-PP eqv during summer cruises agreed well with 14 C-PP rates measured previously under bloom conditions during the NABE and suggest high PP rates continue throughout summer. The 2-3Â seasonality in 14 C-PP eqv derived from 17 D-GOP estimates generally agrees well with climatological annual cycle in 14 C-PP measured in the Gulf of Maine during MARMAP.
[59] 3. The 14 C-PP eqv estimates agree well with satellite based PP estimates by the VGPM algorithm but are $60% higher than rates estimated by the CbPM algorithm.
[ [63] 7. An annual mean OC export rate of 2.8 AE 2.7 mol C m À2 yr À1 for the subpolar N. Atlantic was estimated from 15 years of surface O 2 measurements during CARINA program and implies that $45% of the organic material exported from the mixed layer during summer is respired to CO 2 within the depth of the winter mixed layer. This annual mean OC export rate is similar to estimated export rate in the subtropical N. Atlantic.
[64] 8. A mixed layer NCP/GOP of 0.35 AE 0.05 estimated from O 2 /Ar and 17 D measurements under bloom conditions during May 2008 in the subpolar N. Atlantic is more than double the ratio estimated previously from O 2 /Ar and 17 D measurements in the subtropical, equatorial, southern and coastal ocean. However, over the annual cycle integrated to the winter MLD, a much lower NCP/GOP of 0.07 AE 0.06 is estimated that is similar to values measured in other regions of the ocean.
